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Abstract

Due to the retinotopic organisation of visual cortex, visual field defects overlapping in
both eyes prevent the stimulation of the corresponding cortical area. Prolonged absence
of stimulation causes the brain to adapt its neuronal circuits. With the use of fMRI and
common techniques, retinotopic maps of age-related macular degeneration (AMD) and
glaucoma patients, as well as controls, were examined in an attempt to investigate
whether cortical reorganization occurs in visual cortex as a result of acquired retinal
visual field defects. From a clinical perspective, this question is highly significant as
functional rehabilitation might be affected by cortical reorganisation.

We present here abnormal retinotopic maps in two cases of AMD. In one case, we
argue that the atypical pattern was caused by extrafoveal fixation. In the other case, the
pattern cannot be explained on the basis of a deviant fixation. Hence, some form of
cortical reorganisation may have occurred in the right hemisphere of this subject.
Further, no evident differences were found between the retinotopic maps of the
glaucoma and control groups.

The assessment of cortical (re-)organisation in subjects with visual field defects is
especially complicated as uncontrolled variables, such as extrafoveal fixation, can lead

to abnormal retinotopic maps.
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Introduction

Due to the retinotopic cortical organisation [1-4], when visual field defects occur in both
eyes and overlap, a section of visual cortex no longer receives stimulation. Under
prolonged absence of stimulation, the brain may respond adapting the cortical neuronal
circuits [5,6].

Acquired visual field defects provide an exceptional opportunity to examine if the mature
human visual cortex reorganises in response to abnormal visual experience. There is
evidence that developmental visual disorders such as strabismus [7], amblyopia [8] and
albinism [9] affect the structure of human occipital cortex. Previous research in our
group also showed occipital cortical thinning in glaucoma (Boucard, 2006 a,b, submitted
for publication). However, it has not been entirely settled whether long-term
reorganization occurs in visual cortex during absence of visual input. In the human,
while Sunness (2004) [10] reported a silent region in the visual cortex corresponding to
the lesion projection zone in one subject known with age-related macular degeneration
(AMD) subiject, cortical reorganisation was found in two cases of AMD [11]. Abnormal
retinotopic organisation was also found in rod monochromats, where the cones, and
thus the fovea, are dysfunctional [12,13]. In a study using electrophysiology in macaque,
after monocular retinal lesion, in spite of perceptual filling-in, no topographic
reorganisation was measured in visual cortex [14]. Likely, in a recent fMRI paper,
experimentally induced scotoma, including destruction of the RGC layer, in the
peripheral visual field of macaque monkeys showed no sign of reorganisation even after
seven months [15]. On the other hand, a number of studies reported reorganisation of
receptive fields following induced retinal lesions in cats and monkeys [16-24], but the
extend of RGC damage is unknown. There is a clear diversity of results in both animal
and human research.

With our study, we aim to help to shed light on the diversity of findings in the current
literature. By means of commonly used retinotopic techniques [1,25-27] in fMRI, we are

examining retinotopic maps of AMD and glaucoma patients, as well as controls, in an
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attempt to investigate the occurrence of cortical reorganisation in acquired retinal visual
field defects. The question is highly relevant from a clinical point of view as cortical
reorganisation might affect functional recovery after treatment of retinal disease.

Here, we present abnormal retinotopic maps in two cases of AMD. In the first case, the
atypical pattern might have been generated by eccentric or extrafoveal fixation.
However, in the second case, we did not find such an explanation for the abnormal
retinotopic pattern. This may suggest that cortical reorganisation has occurred in one
hemisphere. Furthermore, the retinotopic maps of the glaucoma and control groups
showed no evident differences, suggesting most likely absence of cortical

reorganisation.

Methods

Subjects

AMD1 is an 81-year-old male with visual acuity of 0.2 in the left eye and 0.08 in the
right. AMD2 is a 68-year-old male with visual acuity of 0.8 in the left eye and 0.1 in the
right. Both subjects are diagnosed with AMD since at least 3 years. They presented
homonymous scotoma of at least 10 degrees diameter located in the foveal region. The
glaucoma patients showed primarily large peripheral visual field defects heading
towards fixation and were required to have homonymous scotoma of at least 10 degrees
diameter located centrally in at least one quadrant, for a minimum of 3 years. In both
groups, no other (neuro-) ophthalmic disease affecting the visual field was present. The
control subjects have good visual acuity, no visual field defect, and are free of any

ophthalmic, neurologic, or general health problem.

AMD is caused by accumulated waste products in the tissues underneath the macula
that interfere with retinal metabolism and lead to retinal atrophy [28,29]. The disease

causes centrally located visual field defects.
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Materials and data acquisition
Visual fields were recorded using the Humphrey Field Analyzer (HFA; Carl Zeiss

Meditec, Dublin, California, USA) running the 30-2 program Sita Fast.

High-resolution MRI was performed on a 3.0 Tesla Philips Intera (Best, The
Netherlands). A “full” 3-D structural MRI was acquired on each subject using a T1
weighted magnetization sequence T1W/3D/TFE-2, 8 degrees flip angle, matrix size 256
* 256, yielding 170 slices, voxel size 0.9x0.9x1 mm, TR 8.70 ms. The scanning time was
approximately of 10 min. In addition, a “partial” 3-D structural MRI was acquired on each
subject using a T1 weighted magnetization sequence T1W/3D/TFE-2, 8 degrees flip
angle, matrix size 256 < 256, yielding 108 slices, voxel size 0.8x0.8x2 mm, TR 8.70 ms.
Scanning time was approximately 2 min. This “partial” anatomy was only performed in
the occipital area and was used to align the functional data to the “full” anatomy.

Functional data was acquired using a T2*-weighted gradient-recalled echo planar
imaging (EPI) sequence with a SENSE-head coil. Technical data for the measurements
were TE 35 ms, TR 2000 ms, flip angle 79 degrees, 108 slices in one volume, voxel size
1.6x1.6x2.0 mm. The scan duration was 224 s. The field of view was 210 mm for all

subjects. The functional scanning was only performed in the occipital area.

Stimulation

Stimuli were presented using a modified version of the RET software developed by the
Vision Science and Technology Activities (VISTA) group at Stanford University
(http://white.stanford.edu/software/). The software was developed in Matlab using

routines of the Psychophysics Toolbox [30,31]; http://psychtoolbox.org/).

Stimuli were displayed with an Apple Macintosh iBook with 8-bit resolution per gun and
projected onto a screen at the top end of the bore of the MR-scanner by means of a
BARCO LCD-projector G300. Subjects viewed the stimuli through a mirror system
supplied with the scanner. The viewing distance was 90 cm. Due to their central visual
field defects, fixation in our group of visual field defects patients is peculiarly difficult.

Therefore, in order to attain good fixation, the subjects were instructed to direct their
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gaze towards the centre of a fixation cross that covered the whole screen. The cross
changed colour at random intervals (between 1 and 3 s). To maintain the attention,
subjects had to press a button as soon as they noted a colour change. Stable fixation
was further controlled by means of an eye-tracker device (MR-Eyeview, SMI, Teltow,
Germany) and its corresponding software [View which recorded eye movements during

the whole experiment. All subjects maintained sufficiently accurate stable fixation.

Visual field maps were measured using an expanding ring and two (horizontal and
vertical) bifield wedge-shaped conventional stimuli able to create travelling waves of
neural activity in visual cortex [1,25,32,33]. Both stimuli consisted of drifting, achromatic
(mean luminance ~50 cd/m2), dartboard contrast patterns (~90 % contrast) with contrast
reversal rate of 8Hz. Stimuli were presented from the central fixation point to 9° of
eccentricity during 6 cycles of 36 s each (approximately 3.5 minutes per run). Between
each run, subjects could rest during 1 or 2 minutes.

Retinotopically organized visual areas share their borders at the vertical meridian
representations. Therefore, boundaries between the different retinotopically organised
areas were identified using bifield vertical wedge stimuli (figure 1). This permitted to
localise primary visual cortex. Besides, a bifield horizontal wedge (figure 1) evoked
activity in the centre of the different retinotopically organised areas in the hemisphere
contralateral to the stimulation. Because the upper visual field is represented in the
ventral cortical areas while the lower visual field in the dorsal areas, the ventral and
dorsal edges of primary visual cortex could also be distinguished. Eccentricity was
measured with the use of dynamic expanding rings (figure 2). As the ring moved from
fovea to periphery, the activity at locations containing neurons with peripheral receptive
fields is delayed relative to locations containing neurons with foveal receptive fields,

creating a travelling wave of neural activity.

Figure 1. Horizontal and vertical bifield wedges.
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Figure 2. Two snapshots of the expanding ring pattern.

Data analysis

The first steps of data processing were performed using SPM (Statistical Parametric
Mapping) software (Wellcome Department Imaging Neuroscience, London, UK;
http://www fil.ion.ucl.ac.uk/spm/spm99.html). To correct for the eventual motion during
or between the functional runs, the EPI functional volumes were realigned to the first
volume of the first run. Then, “partial” anatomy was co-registered to a functional volume.
Next, using the VISTA toolbox, the “partial” anatomy was aligned to the “full” anatomy.
In this way, the functional data spatially matches the “full” anatomy. Functional data was
then averaged for every stimulus type (rings and wedges). The “full” anatomy was
segmented separately by hemisphere. Finally, activations resulting from both rings and
wedges were displayed on a flattened grey matter model of each hemisphere.

Using the wedge activations and their anatomical representations, we specified the
location of V1. Next, the eccentricity information expressed by the rings within that area
told us about the organisation of the representation of the visual fields in V1. Finally, the

retinotopic map in V1 was assessed by visually examining the patterns.

Results

Figure 3 displays the representation of visual field eccentricity resulting from the
expanding ring stimulation in a control subject (a), and two AMD patients (AMD1(b) and
AMD2(c)).
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Figure 3. Retinotopic maps of the left and right hemispheres of a) control subject; b) patient AMD1; and c)

patient AMD2 where the arrow points to the area of interest. The colours on the retinotopic map correspond to

the location where the visual field was stimulated by the different rings (or stimulus phase). The icon on the

right top indicates the relationship between colour and location where the visual field was stimulated (which

corresponds to each phase of the stimulus). The black lines, drawn by hand along the activation

)

corresponding to the vertical wedge, indicate the boundaries of V1. Letter “v” stands for ventral edge of V1,

letter “d” for the dorsal edge.
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A conventional retinotopic map is first shown in a). As it is expected by the retinotopic
topography under which V1 is organised, each of the rings evoked activity preserving
the eccentric order in which they were presented and without interruptions. This, of
course, is based on the assumption that the fovea of both eyes were directed at the
centre of the fixation cross.

When compared to the retinotopic map of a control subject, patients AMD1 and AMD2
exhibit abnormal retinotopic patterns.

In the case of AMD1 (b), in both hemispheres, the activation induced by the two most
inner rings (red and yellow) is located on the dorsal edge of V1, while the central and
ventral part of V1 responded to more outer rings (blue). The same pattern is repeated in
the neighbouring retinotopic areas, such as V2. In this abnormal pattern, the activation
seems to be shifted suggesting that the participant may have been using an extrafoveal
part of the retina to fixate the center of the cross (figure 4).

AMD?2 (c) presents a more or less conventional pattern in the left hemisphere, whereas
in the right hemisphere the representation of the expanding rings is rather abnormal.
Central fixation in this participant is confirmed by the conventional pattern in the left
hemisphere. In the right hemisphere, under such central fixation, the expected
continuous bands of yellow and green are interrupted by a section of blue that runs
approximately through the middle of primary visual cortex. Hence, a section of cortex
expected to be primarily responsive to the second and third inner rings (yellow and
green) appears to have been activated by the outer rings (blue).

The retinotopic patterns from the glaucoma group did not show any clear difference from

the maps from the control group, and are therefore not reproduced here.

Discussion

We here presented two atypical retinotopic maps of patients (AMD1 and AMD2) known
with AMD, an acquired retinal visual field defect resulting in central scotoma.
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First, we show how, after a careful analysis, the abnormal pattern found in AMD1 can be
explained by eccentric or extrafoveal fixation. In the case of AMD2, we did not find other
explanation than cortical reorganisation for the retinotopic pattern in the right
hemisphere. Further, the retinotopic patterns from the glaucoma group did not show any

clear difference from the maps from the control group.

In the case of AMD1, the pattern (figure 3b) can be explained by the fact that the subject
did not fixate in the middle of the cross, as instructed, but opted for eccentric extrafoveal
fixation. Fixation was additionally controlled by means of an eye-tracker device.
However, the eye-tracker only controls for eye movements, reporting about the stability
of the fixation, but fails in reporting about possible eccentric fixation. In the case of
central scotoma, fixation is always an arduous task and complicates retinotopic
measurements. As a strategy to overcome their foveal impairment, very often patients
with central scotoma automatically adopt an extrafoveal preferred retinal locus (PRL) for
fixation [34-36]. The schematic figure 4 shows the possible consequences of extrafoveal
fixation along the vertical meridian in the upper visual field. In this case, the central
stimulation (red) would fall onto the peripheral visual field. On the other hand, the foveal
part of the visual field would be stimulated by a more peripheral phase (blue). Central
and eccentric stimulation would no longer correspond with foveal and peripheral
activation resulting in an atypical pattern of the central and eccentric phases, in the
dorsal edge of V1. Such a retinotopic map can be seen in patient AMD1, where on the
ventral part of V1, the blue colour prevails as a sign of peripheral stimulation. On its
dorsal part, the whole visual field appears to be represented, but in a rather patchy
manner. AMD1’s retinotopic map is therefore consistent with extrafoveal fixation. No

cortical reorganisation can be thus deduced from this atypical pattern.
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hypothetical

fixation (fovea) expected

retinotopic
pattern
(V1)

ventral ventral

dorsal dorsal

left | right ventral - dorsal
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Figure 4. Schematic representation of the hypothetical retinotopic map resulting from eccentric or extrafoveal
fixation along the vertical meridian in the upper visual field. On the left, the stimulation of the rings is
represented by the different colours. The black point shows where the participant is hypothetically fixating with
the fovea. The vertical and horizontal lines indicate how the visual field is represented in visual cortex. On the
right, a drawing shows the expected retinotopic pattern within V1 in one hemisphere. The star (*) indicates the

location of the foveal representation.

On the other hand, in the retinotopic map of patient AMD2 (figure 3c), the visual field is
represented in a normal fashion, except for the central area (see arrow) in the right
hemisphere. That area is normally expected to respond to parafoveal stimulation, as it
holds projections from that area. However, here it reacted to the stimulation of the
peripheral visual field (blue). The fact that the atypical pattern is only present in one
hemisphere rejects the possibility of eccentric or extrafoveal fixation along the vertical
meridian, since both hemispheres would show abnormal patterns in that case. Yet, the
inner ring (red) representation in the pattern of the left hemisphere is located at the
expected foveal area. The rest of the eccentricity map in the left hemisphere follows the
conventional pattern, as well. It seems thus that in this case, fixation was centrally
directed. Eccentric or extrafoveal fixation does not appear to be able to explain the

observed retinopic pattern. Therefore, a possible explanation is that cortical
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reorganisation may have occurred in the right hemisphere of AMD2. The causes of such
a lateralisation are not clear to us. Manifestly, the complicate mechanisms behind

cortical reorganisation still need to be investigated in depth.

A possible mechanism by which peripheral stimulation activates visual cortex in the
location where the foveal and parafoveal representations are expected could be new
intracortical horizontal connections formed by axonal sprouting. By such a mechanism,
the visual input reaching active areas would eventually spread to deprived areas.
Previous work in cats and monkeys assigned intracortical horizontal connections as the
main factor accounting for the observed reorganisation after retinal lesions [19,37,38]. In
our case, foveal and parafoveal silent cortical regions would attract connections from the
unimpaired retinal periphery. The resulting retinotopic map would show invasion of

central areas with peripheral ones.

In the case of glaucoma, there is progressive retinal ganglion cell (RGC) and optic nerve
damage which leads to visual field loss starting peripherally and growing towards the
fovea. As the retina presents additional peripheral loss, new connections would be more
improbable to occur. On the other hand, there is substantial evidence linking cortical
degeneration to glaucoma. Experimentally induced glaucoma in cats [39] and non-
human primates [40] results in cell loss in visual cortex. Recent neuro-imaging work in
our group also showed a lower grey matter concentration as a result of cortical thinning
in the cortical lesion projection zone in human patients with glaucoma but not in AMD
(Boucard et al., 2006a,b; submitted for publication). Degenerative changes in the visual
cortex were also very recently reported in an autopsy examination of one glaucoma
patient [41]. The fact that no obvious atypical patterns were seen in the retinotopic maps
of our glaucoma group may suggest that cortical reorganisation does not occur in case
of cortical degeneration. Perhaps, cortical atrophy prevents the formation of new

horizontal connections.

The measurement of cortical organisation associated with abnormal visual fields is

especially complicated because it is linked to a series of possible artefacts which can
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lead to erroneous interpretations. Indeed, although finding atypical maps in the cortical
projection zones can be a sign of cortical reorganisation, before linking an abnormal
map to cortical reorganisation, one should primarily exclude any other possible
explanation that could have originated the atypical pattern. Uncontrolled variables, such
as extrafoveal fixation, can lead to abnormal retinotopic maps making the task of
interpretation a very delicate one.

In the present study, the fact that we find only one possible case of cortical

reorganisation implies caution in the conclusions and requires further investigation.

Finally, it should be mentioned that, because of the relative limited spatial resolution of
fMRI, the technique we employ here only allows measuring the presence of large
cortical reorganisation. Small changes in cortical organisation would most likely go

unnoticed.

A better understanding of the relation between retinal visual field defects and functional
changes in visual cortex may help understand disease symptoms as well as their
progression. Moreover, cortical reorganisation may limit the efficacy of rehabilitation and
training programs [42] as well as retinal prostheses aimed at restoring some degree of
vision in the blind [43].

In order to understand the mechanisms behind cortical reorganisation, future retinotopic
research should be directed towards the comparison of maps obtained from different
disorders. For example, retinitis pigmentosa, which presents intact RGCs together with
peripheral vision loss, would clarify the question if cortical reorganisation is related to
intact RGC or to central location of scotoma. Likely, optical neuritis, where nerve

damage is present, would also help bring additional insight to the issue.
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